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Using angle-resolved photoelectron spectroscopy (ARPES), we investigate the surface electronic structure of
the magnetic van der Waals compounds MnBi4Te7 and MnBi6Te10, the n = 1 and 2 members of a modular
(Bi2Te3)n(MnBi2Te4) series, which were recently established as intrinsic magnetic topological insulators. We
observe topological surface states (TSS), whose Dirac-like dispersion is strongly perturbed by hybridization with
valence-band states for Bi2Te3-terminated surfaces but remains preserved for MnBi2Te4-terminated surfaces.
Using polarization- and photon-energy-dependent measurements we unveil a complex momentum-dependent
orbital-texture evolution of the surface bands, which is supported by calculations based on density functional
theory. By means of circular dichroism in ARPES we provide evidence for an inversion of orbital angular
momentum at the Dirac point as a characteristic signature of a helical TSS, firmly establishing the topologically
non-trivial nature of the surface electronic structure in these magnetic van der Waals materials.
Realizing new quantum states of matter based on the interplay
of non-trivial band topologies and magnetism is a central goal
in modern condensed matter physics [1–5]. A case in point
is the magnetic topological insulator (MTI) which combines
an inverted electronic band structure with long-range mag-
netic order [1], providing a promising material platform for
the quantum anomalous Hall (QAH) effect, axion electrody-
namics, and the topological magnetoelectric effect [2, 6–8].
Over the past years, efforts to realize MTI mainly relied on
doping of known topological insulators with magnetic impu-
rities [2, 6]. Recently, however, so-called intrinsic MTI, which
do not require doping, have been discovered in the MnBi2Te4
class of magnetic van der Waals compounds [4, 9–15]. At the
same time, MnBi2Te4 constitutes the first instance of an an-
tiferromagnetic topological insulator [4]. In accordance with
theoretical predictions [16, 17], recent magnetotransport ex-
periments on two-dimensional few-layer flakes of MnBi2Te4
revealed signatures of the QAH effect [18] and an axion insu-
lator state [19]. In view of these developments, MnBi2Te4 and
related compounds presently receive broad interest as a plat-
form for the study of quantized magnetoelectric phenomena
[20–24].
MnBi2Te4 constitutes the progenitor of a modular
(Bi2Te3)n(MnBi2Te4) series of stacked van der Waals
compounds [25, 26]. Interestingly, the structural incorpo-
ration of non-magnetic Bi2Te3 layers alters the magnetic
interlayer interactions, resulting in more complex magnetic
phase diagrams [5, 26–29]. In turn, this could provide
additional flexibility to manipulate the electronic topology via
the magnetic state. For MnBi4Te7, evidence for topological
surface states has been reported based on angle-resolved
photoelectron spectroscopy (ARPES) experiments [14, 27–
29]. Nevertheless, a comprehensive understanding of the
topological characteristics of the surface electronic structure
is still lacking. In particular, very recent ARPES measure-
ments and electronic structure calculations for MnBi4Te7 and
MnBi6Te10 indicate a complex interplay of surface and bulk
states depending on surface termination [30–37], impeding a
conclusive assignment of topologically trivial and non-trivial
states.
In this work, we systematically investigate the electronic
structure of MnBi4Te7 and MnBi6Te10(0001) surfaces by use
of light-polarization- and photon-energy-dependent ARPES
experiments. The orbital-character sensitivity of the measure-
ments is exploited as an additional tag to disentangle the sur-
face band structures for different surface terminations. For
MnBi2Te4-terminated surfaces we observe a single Dirac-
cone surface state and confirm its helical character by use of
circular dichroism in ARPES (CD-ARPES). In contrast, for
Bi2Te3-terminated surfaces, hybridization with valence band
states strongly modifies the surface-state dispersion and gives
rise to a complex orbital-character evolution in the surface
bands. Supported by density functional theory (DFT) calcu-
lations, we show how this hybridization effect induces a gap-
like feature in the surface spectral density. Our results provide
detailed insight into the topologically non-trivial character of
the surface electronic structure, which will be crucial for fu-
ture efforts to realize the QAH effect in (Bi2Te3)n(MnBi2Te4)
heterostructures.
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2FIG. 1: (color online) Surface electronic structure for different
(0001) surface terminations of (Bi2Te3)n(MnBi2Te4) with n = 1 and
2. (a),(b) ARPES data sets for MnBi4Te7 along Γ¯K¯ for a MnBi2Te4-
septuple-layer (SL) and a Bi2Te3-quintuple-layer (QL) termination,
respectively. (c) Schematic of the possible terminations of MnBi4Te7
and MnBi6Te10(0001) surfaces, labeled with the panel showing the
corresponding ARPES data. (d)-(f) ARPES data sets along Γ¯M¯ for
MnBi6Te10 with (d) SL termination, (e) QL-SL termination, and (f)
QL-QL termination.
High-resolution ARPES measurements with variable light po-
larization were performed using a laser-based µ-ARPES sys-
tem (hν = 6.3 eV) at the Hiroshima synchrotron radiation
center (Japan) [38]. The small spot size (≤ 10µm) makes
it possible to probe the electronic structure corresponding
to different surface terminations by scanning the light spot
laterally to different positions on surface. Photon-energy-
dependent ARPES experiments were conducted at beamline
I05 of the Diamond Light Source (UK) [39]. All measure-
ments were performed under ultra high vacuum (UHV) condi-
tions. Throughout the manuscript the in-plane momentum di-
rection parallel (perpendicular) to the plane of light incidence
(xz plane) is denoted as kx (ky). Single-crystals of MnBi4Te7
and MnBi6Te10 were grown by slow cooling of Bi2Te3 and
α-MnTe mixtures taken in the ratios adjusted to the non-
stoichiometric compositions [26]. Evacuated quartz ampoules
with homogenized mixtures were heated up to 650◦C, then
cooled down to 585◦C at 1 ◦/h, tempered at 585◦C for 12-14
days and finally quenched into water. Crystals (up to 1 mm)
were mechanically isolated from the molten regulus. Elemen-
tal compositions of the crystals studied by energy-dispersive
X-ray spectroscopy accord well with the non-stoichiometric
formulas in Refs. [26, 28].
To describe the surface electronic properties, we perform
density-functional calculations of a slab made of four
MnBi4Te7 unit cells with a vacuum of 30 Bohr radii. We use
the GGA+U method with the generalized gradient approxi-
mation (GGA) as implemented in the FPLO code [40]. We
fix parameters U = 5.34 eV and J = 0, as in Ref. [4], with
atomic-limit double-counting and treat the spin-orbit interac-
tion in the fully relativistic four-component formalism.
Depending on cleavage plane, the (0001) surfaces of
MnBi4Te7 and MnBi6Te10 have two and three inequivalent
surface terminations, respectively, as depicted schematically
in Fig. 1(c). ARPES data for surfaces terminated by a
MnBi2Te4 septuple-layer (SL) are shown in Figs. 1(a) and
(d). For both compounds we observe a qualitatively similar
band structure. The main spectral features are CB1 and CB2,
which we attribute to conduction band states, as well as a state
with Dirac-like dispersion. We identify the latter as a topolog-
ical surface state (TSS), which is in agreement with previous
work [14, 29, 31] and confirmed by our CD-ARPES experi-
ments discussed below. By contrast, data obtained for surfaces
terminated by a Bi2Te3 quintuple-layer (QL) do not display
a clearly discernable Dirac-like dispersion [Fig. 1(b),(e),(f)].
Instead, as we demonstrate in later parts of the manuscript,
the TSS dispersion is split into an upper part, whose disper-
sion flattens near the Γ¯-point, and a lower part, whose dis-
persion is reminiscent of a hole-like band with Rashba-type
spin splitting [41]. While the general band-structure features
in Fig. 1 are consistent with previous work, a precise assign-
ment of the individual features is still controversial [30–37].
The measurements in Fig. 1 were carried out at temperatures
of ca. T ∼ 11 K, i.e. just slightly below the magnetic ordering
temperatures of 12-13 K [26, 28], at which no signature of a
magnetic gap in the TSS could be observed.
To investigate the character of the electronic states in more
detail we performed light-polarization- and photon-energy-
dependent measurements. We first consider SL-terminated
surfaces as studied by CD-ARPES. The CD signal is de-
fined as the difference in photoemission intensity between
right and left circularly polarized light CD(kx, ky, E) =
IR(kx, ky, E) − IL(kx, ky, E). It can provide detailed infor-
mation about the orbital character of electronic states [42–44].
Figure 2 shows CD-ARPES data for the SL-termination of
MnBi4Te7. Interestingly, as opposed to the bare ARPES in-
tensity in Fig. 2(a), the CD spectral signature of the upper part
of the TSS in Fig. 2(b) is clearly distinguished from the band
CB1. This is due to the fact that these two features display op-
posite CD patterns, which is also seen in the constant-energy
CD maps in Fig. 2(e). Consequently, the linear dispersion of
the TSS can be traced to significantly higher energies than
in the ARPES intensity. The TSS for the SL-terminated sur-
face thus shows a rather ideal Dirac-cone dispersion over sev-
eral hundred meV, comparable to paradigmatic TI like Bi2Se3
[45].
Focusing on the TSS, our data in Fig. 2 reveal a sign change
of the CD at the Dirac point (DP), as indicated by the markers
in Fig. 2(c). This reversal of the CD is also seen clearly in the
momentum distribution curves for IR and IL in Fig. 2(d) and
in the constant-energy contours in Fig. 2(e). The fact that the
reversal occurs precisely at the energy of the DP indicates that
3FIG. 2: (color online) CD-ARPES experiments for the SL-terminated surface of MnBi4Te7. (a) ARPES intensity IR measured with right
circularly polarized light. Wave vectors ky are perpendicular to the plane of light incidence. (b) Corresponding CD data set defined as the
intensity difference IR − IL. (c) ARPES intensity measured with s-polarized light. The overlaid markers indicate the dispersion extracted
from CD-ARPES data in (b) and the red/blue color refers to the sign of the CD. (d) Momentum distribution curves measured with right and
left circularly polarized light shown in blue and red, respectively. The energy regions above and below the Dirac point (DP) are labeled by CB
and VB, respectively. (e) Constant energy contours of the CD-ARPES signal.
it originates from a difference of the TSS wave function above
and below the DP [43, 46, 47]. Indeed, previous ARPES mea-
surements for Bi2Se3 identified a sign reversal of the CD at
the DP as a characteristic signature of the helical nature of the
TSS [43, 48]. Specifically, the opposite CD has been shown to
reflect a chiral orbital angular momentum (OAM) of opposite
sign in the upper and lower part of the Dirac cone [43, 49, 50].
Our DFT calculations show that the TSS in MnBi4Te7 and
MnBi6Te10 largely derives from Bi and Te p valence orbitals
(Supplementary Fig. S2), similar to the non-magnetic parent
compound Bi2Te3. Along positive ky and close to the Γ¯-point,
the wave function of the TSS can thus be written as |Φ+〉 =
|pz ↑〉−i |py ↑〉+|px ↓〉 and |Φ−〉 = |pz ↓〉+i |py ↓〉−|px ↑〉
[47], where arrows refer to the spin along x and coefficients
are omitted for clarity. Φ+ corresponds to the upper part of
the Dirac cone and Φ− to the lower part. One can see that,
besides the opposite spin polarization, also the phase between
different p orbital components is different. In particular, the
difference of pi between the relative phases ∓pi/2 of the pz
and py orbitals yields an OAM along x of opposite sign for
Φ+ and Φ− [43, 47, 49, 50]. Indeed, our DFT calculations for
MnBi4Te7 confirm a sign reversal of the OAM between the
upper and the lower part of the TSS dispersion (Supplemen-
tary Fig. S3). At the same time, it is the difference in relative
phase of the p orbitals that is reflected in the strongly orbital-
dependent photoemission matrix elements and gives rise to
the sign change of the CD across the DP.
To illustrate this explicitely, we employ the dipole selection
rules and assume excitation into final states of s symmetry.
These approximations were found valid in previous photoe-
mission experiments and calculations for the closely related
compound Bi2Se3 at a photon energy of hν = 6 eV, close
to the one employed here [51]. In this simplified picture,
the electric field components Ex,y,z of the light electric vec-
tor E = (Ex,±iEy, Ez) couple exclusively to the correspond-
ingly aligned px,y,z orbitals [46, 52]. For the photoemission
intensities from Φ± one then gets IR ∝ |Tz ∓ Ty|2 + |Tx|2
and IL ∝ |Tz ± Ty|2 + |Tx|2, with the matrix element
Tz = 〈Φf |Ez zˆ| pz 〉 and accordingly for Tx,y . The differ-
ences in relative phase between Tz and Ty directly reflect the
different relative phases of ∓pi/2 between the pz and py or-
bitals. In agreement with our experimental results, the dichro-
ism is then given by CD± ∝ ±<(T ∗y Tz), where the opposite
signs reflects the reversed OAM and thus the reversed helici-
ties of Φ±. According to our calculations, the reversed OAM
is also associated with an opposite spin polarization of Φ±
(Supplementary Fig. S4).
We now turn to the electronic structure of the QL-terminated
surface, where a gap-like feature modifies the dispersion of
the TSS. This led to different interpretations of the topological
character of the states, ranging from a gapped TSS [27–29,
34], over an intact DP either at the flat part of the TSS [30, 32]
or at the lower Rashba-like part of the TSS [33] (cf. Fig 1), to
even more complex scenarios where Dirac points arise from
additional non-topological surface bands [36].
Based on DFT calculations the gap-like feature has been at-
tributed to hybridization of the TSS with states at the va-
lence band maximum [33]. Our hν-dependent ARPES data in
Fig. 3 experimentally confirm this hybridization scenario and
show how it drives a complex momentum-dependent orbital-
character modulation in the surface band structure. For the
upper part of the TSS we observe a strong change in in-
tensity at the “kink”, where the dispersion evolves from its
steeply dispersive part into the flat part close to the Γ¯-point
[Fig. 3(a)-(d)]. At the valence band (VB) maximum we ob-
serve similarly abrupt intensity changes at approximately the
same wave vectors. The fact that these intensity changes occur
at characteristic points in the surface band structure and sys-
4FIG. 3: (color online) (a)-(d) Photon-energy-dependent ARPES data along Γ¯K¯ for the QL-terminated surface of MnBi4Te7 obtained with
p-polarized light, except for (b) measured with s-polarization. (e) Intensity difference between data sets measured at hν = 61 eV and
hν = 79 eV. (f) ARPES intensities traced as a function of hν at specific points in the band structure, indicated by boxes in (a). The colors of
the boxes in (a) correspond to the respective data sets in (e). (g)-(j) Orbital-projected surface spectral densities for the QL-terminated surface
of MnBi4Te7. (j) Difference between the surface spectral densities projected on Bi J = 1/2 orbitals in (g) and Te J = 3/2, |MJ | = 1/2
orbitals in (i).
tematically for different photon energies shows that they re-
flect momentum-dependent variations of the initial state wave
function, i.e. changes in the orbital composition [53, 54].
Interestingly, the relative intensities of the different parts of
the band structure also strongly vary with photon energy, as
seen by comparing the data sets in Figs. 3(b),(c) to the one
in Fig. 3(d). In the light of these data we may distinguish
between parts with “TSS-like” orbital character (high cross
section at hν = 6.3 eV and 61 eV) and parts with “VB-like”
orbital character (high cross section at hν = 79 eV). The mea-
sured intensity distributions thus indicate that the flat part of
the upper TSS acquires a strong VB-like character, while the
states close to Γ¯ near the VB maximum have TSS-like charac-
ter close to the surface. This assignment is further confirmed
by the data in Fig. 3(f), showing that the measured intensities
of TSS-like and VB-like parts of the band structure exhibit
different characteristic hν-dependences.
The observed orbital-character changes as a result of hy-
bridization are supported by our calculations [Fig. 3(g)-(j)].
We have simulated atom- and orbital-projected surface spec-
tral densities by assuming an exponential decay from the sur-
face (λ = 10 A˚), reflecting qualitatively the finite probing
depth of the ARPES experiment (Supplementary Fig. S1).
Firstly, our simulation nicely reproduces the gap-like feature
in the surface spectral density, which is independent of orbital-
type and thus attributed mainly to the surface sensitivity of the
experiment. This is consistent with our ARPES data where
a gap-like feature is always observed, independently of hν.
Secondly, we find qualitatively good similarities between spe-
cific orbital projections and the ARPES intensity distributions.
The close correspondence to the data allows us to identify
TSS-like parts of the surface band structure to arise mainly
from Bi and Te J = 1/2 states, while the VB-like parts
and also the CB can be attributed mainly to Te J = 3/2,
|MJ | = 1/2 character. The difference in orbital composi-
tion of the respective band-structure parts results in distinct
hν-dependent cross sections, which allows us to distinguish
them in our ARPES data [Fig. 3(b)-(d)]. The agreement be-
tween measurement and calculations is further illustrated by
the difference data sets in Figs. 3(e) and (j), where TSS-like
parts appear in green and VB- and CB-like parts appear in
red color. Based on this detailed analysis, the DP of the TSS
can be clearly assigned to the Rashba-like band near the VB
maximum, which is further confirmed by spin-resolved calcu-
lations [Supplementary Fig. S4]. This implies that the DP is
located within the region of projected bulk valence states for
QL terminations.
In conclusion, we used light-polarization- and photon-
energy-dependent ARPES measurements to disentangle the
termination-dependent surface band structures in the magnetic
van der Waals materials (Bi2Te3)n(MnBi2Te4) for n = 1 and
2. For MnBi2Te4-terminated surfaces, our CD-ARPES data
experimentally establish the helicity of the topological surface
state and its inversion at the Dirac point in these novel intrin-
sic magnetic topological insulators. Bi2Te3-terminated sur-
faces display a more involved surface band structure, where
5the ideal Dirac-like surface-state dispersion is strongly per-
turbed by hybridization with valence-band states. The lat-
ter gives rise to strong energy- and momentum-dependent
modulations of the orbital character and to a gap-like fea-
ture which is unrelated to the bulk long-range magnetic or-
der. This mechanism could also be relevant for explain-
ing non-magnetic gap features in related TI systems, like
Mn:Bi2Se3 [55]. In the light of these results, MnBi2Te4-
terminated surfaces will likely be more suitable than Bi2Te3-
terminations for the observation of topological magnetoelec-
tric phenomena in (Bi2Te3)n(MnBi2Te4) heterosystems. The
complex orbital textures in the surface electronic structure of
(Bi2Te3)n(MnBi2Te4), uncovered in this work, reflect a rich
interplay between spin-momentum-locking and surface-bulk
band hybridization. Since the spin-orbital degrees of freedom
and hybridization effects are expected to be susceptible to the
magnetic state, the resulting orbital complexity will likely be
important for a microscopic characterization of the topologi-
cal magnetic phases in these materials.
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